), we have investigated the involvement of this molecule in the osmotic adaptation of Rhizobium meliloti. Ectoine appeared almost as effective as glycine betaine in improving the growth of R. meliboti under adverse osmotic conditions (0.5 M NaCI). Moreover, improvement of growth of rhizobial strains insensitive to glycine betaine was also observed. Ectoine transport proved inducible, periplasmic protein dependent, and, as shown by competition experiments, distinct from the transport of glycine betaine. Medium osmolarity had little effect on the uptake characteristics, since the rate of influx increased from 12 to only 20 nmol min-' mg of proteinwhen NaCI concentrations were raised from 0 to 0.3 or 0.5 M, with a constant of transport of 80 FM. Natural-abundance "C-nuclear magnetic resonance and radiolabelling assays showed that ectoine, unlike glycine betaine, is not intracellularly accumulated and, as a consequence, does not repress the synthesis of endogenous compatible solutes (glutamate, N-acetylglutaminylglutamine amide, and trehalose). Furthermore, the strong rise in glutamate content in cells osmotically stressed in the presence of ectoine suggests that, instead of being involved in osmotic balance restoration, ectoine should play a key role in triggering the synthesis of endogenous osmolytes. Hence, we believe that there are at least two distinct classes of osmoprotectants: those such as glycine betaine or glutamate, which act as genuine osmolytes, and those such as ectoine, which act as chemical mediators.
Rhizobia are soil bacteria which display symbiotic interactions with specific legume hosts. Most of these bacteria are very sensitive to a soil water deficit, which adversely affects their dinitrogen fixation capacity and hence the productivity of the whole legume plant (1, 8, 19, 38) . Much attention has been focused during the last decade on the mechanisms of osmotic adaptation in several rhizobium species (18, 41, 42) . Rhizobium meliloti, the microsymbiont in alfalfa root nodules, has been extensively investigated (5, 6, 22, 36) , and the mechanisms governing turgor restoration of bacterial cells growing under hyperosmotic conditions have been partially elucidated. Specifically, concomitant accumulations of potassium and glutamate ions were pointed out as the primary response in R meliloti (6) , and the same mechanism has been found in most of the bacterial species investigated thus far (7, 27) . Trehalose and the dipeptide N-acetylglutaminylglutamine amide (NAGGN) (37) are also accumulated, probably to help the bacterial cells in balancing the high osmotic pressure of the medium. Among a series of exogenously supplied osmoprotectants, glycine betaine and proline betaine proved the most effective (3, 14) .
Their effect is quite similar to that found in members of the family Enterobacteriaceae (23) except that lowering medium osmolality triggers catabolism of betaines in R meliloti (3, 14, 36) . A transport system involving a periplasmic glycine betainebinding protein was identified previously (24, 40) . Glycine betaine and proline betaine uptakes are strongly activated during osmotic stress, whereas the enzymes of the catabolic pathways of these molecules are severely repressed (14, 36 ).
However, it should be mentioned that preculturing the cells in the presence of choline allows for further glycine betaine degradation (36) even in media of high osmolality.
To improve knowledge of osmoregulation of rhizobia, we have investigated the effect of ectoine, which seems to exhibit osmoprotective properties without being accumulated. Extracted and purified from Brevibacterium linens (2) , an osmotolerant coryneform gram-positive eubacterium, this tetrahydropyrimidine improves the growth of Escherichia coli under conditions of high salt concentration (20) . Ectoine also osmoprotected several rhizobial species (Rhizobium leguminosarum, Bradyrhizobium japonicum, and a Rhizobium sp.) which proved insensitive to most of the osmoprotectants assayed so far.
MATERIALS AND METHODS
Bacterial strains and culture media. The following rhizobial strains were used in this study: R meliloti 102F34, B. japonicum USDA 110, R. leguminosarum USDA 2370, R leguminosarum 128C53, R. leguminosarum bv. trifolii USDA 2068, and a Rhizobium sp. (from Hedysarum coronarium). All these strains have previously been used to study the effect of glycine betaine (3). R meliloti RCR 2011 and its derivative GMI 766 (Anod fix4), which is defective in glycine betaine, choline, trigonelline, stachydrine, and carnitine catabolism (15) , were also investigated. All strains were grown aerobically overnight on MSY (mannitol-salts-yeast extract) rich medium (29) Extraction of cellular solutes. The pellet of freshly harvested and washed cells was extracted at least twice with 80% (vol/vol) ethanol under vigorous magnetic stirring at room temperature for 15 min. After centrifugation, the supernatants (ethanolsoluble fraction) were pooled, filtered through cellulose acetate membranes (0.22-p,m pore size), evaporated to dryness at 40°C, and finally dissolved in distilled water. The ethanolinsoluble pellets contained the intracellular macromolecular components and cell envelopes.
Chromatographic analysis and nuclear magnetic resonance (NMR) spectroscopy. The ethanol-soluble fraction was used directly or after partial purification by passage through a cation-exchange column (10 by 0.5 cm; Bio-Rad AG50 x 8, H+ form). Neutral and acidic compounds were discarded by washing the resin with distilled water, and the cationic fraction (containing amino acids and related molecules) was recovered after elution with 2 M NH40H.' After concentration, the solutions were analyzed by paper chromatography and thinlayer chromatography, paper high-voltage electrophoresis, and high-pressure liquid chromatography as described by Gouesbet et al. (16) . Prior to quantitative analysis, the neutral fraction (containing sugars) was treated as described by Larsen et al. (21) and analyzed for trehalose content. A sample of this fraction was also hydrolyzed in 6 M HCl (110°C for 20 h) or in 9 M KOH, and the resulting amino acids were determined after ninhydrin treatment and monitoring of the A570 (17) .
The natural-abundance 13C-NMR spectra were recorded in the pulsed Fourier transform mode at an operational frequency of 75.4 MHz as previously described (2 Transport assays. Cells grown in minimal medium with or without 1 mM ectoine were centrifuged (5,000 x g for 10 min), washed twice with an isotonic minimal medium, resuspended to an A420 of 5, and maintained at room temperature for 30 min. Ectoine uptake assays were performed as described previously (20) 30 min with radiolabelled inulin (2 x 105 dpm) or with tritiated water (2 x 106 dpm) to determine the extracellular and total volumes of the pellet, respectively. Radioactivity from the supernatant and from the pellet was determined in a liquid scintillation spectrometer. Nodulation controls. The capacity of the different strains of rhizobia to nodulate Medicago sativa, Pisum sativum, Trifolium repens, and Glycine max was checked as previously described (32) .
RESULTS
Ectoine-induced salt tolerance in R. meliloti. To determine the effect of ectoine on the growth of R. meliloti 102F34 under conditions of high osmolarity, the cells were cultivated in minimal LAS medium containing 0.3, 0.5, or 0.7 M NaCl or no NaCl. Ectoine was supplied at a final concentration of 1 mM. An assay using glycine betaine at the same concentration was carried out in parallel for comparison. Data presented in Table  1 show that growth of the bacteria was severely inhibited by 0.5 or 0.7 M NaCl (50 and 95% decrease of growth yield, respectively). Furthermore, the lag phase was longer and the doubling times increased 4-and 15-fold, respectively, in the presence of 0.5 or 0.7 M NaCl. Incorporation of ectoine and glycine betaine into the standard culture medium did not modify growth parameters, whereas a strong improvement in growth was observed in media with high salt concentrations. The effects of glycine betaine and ectoine on cell growth were similar, differing only in a longer lag time observed with ectoine at 0.7 M NaCl. Surprisingly, in the presence of 0.3 M NaCl plus ectoine, the growth yield was 1.5-fold higher than in standard medium. Furthermore, the addition to the LAS medium of 1 mM glutamate, a-ketoglutarate, or succinate failed to mimic the ectoine salt tolerance effect. Hence, ectoine appeared almost as effective as glycine betaine in improvement of growth of salt-stressed R meliloti cells. Characteristics of ectoine uptake in R. melloti. Cells grown in media without ectoine did not accumulate significant amounts of label from [14C]ectoine until 40 min after ectoine was added, regardless of osmolarity. Beyond this delay, the uptake rate (5.8 nmol min-1 mg of protein-1) was quite similar to that observed for cells grown beforehand in the presence of 1 mM ectoine (7.6 nmol min-' mg of protein-') ( Fig. 1) . The inducibility of a transport system by ectoine was therefore investigated. As expected, chloramphenicol-treated cells did not show any significant uptake activity (0.06 nmol min--mg of protein-'). The induction seemed specific for ectoine since glycine betaine neither triggered nor repressed ectoine uptake.
Kinetic constants indicate that ectoine uptake activity was increased little by raising medium osmolarity. Indeed, the Figure 2 shows that two distinct protein bands were labelled with ectoine and glycine betaine, indicating that the periplasm of R meliloti contains an ectoine-binding protein distinct from the glycine betainebinding protein.
The fate of ectoine. To specify the fate of ectoine, we first analyzed the ability of R meliloti 102F34 to utilize ectoine as a nitrogen or carbon source in LAS medium deprived of lactate and aspartate but containing various ectoine concentrations (5 ,uM Figure 3 clearly shows that the incorporation of the radiocarbon into the insoluble material starts at the earliest stages of growth and increases until the medium is depleted of ectoine. Furthermore, in the ethanol-insoluble fraction, the radioactivity was recovered within several amino acids but ectoine was not detected. Radioactivity in the ethanolic extract never exceeded a third of that in insoluble material. Chromatographic analysis of the ethanolic extract showed that ectoine presented only traces of radioactivity and reached a maximal intracellular concentration of 12 mM. These data indicate that ectoine is catabolized during cell growth even under conditions of high osmolarity and that its carbons are partially incorporated into cell macromolecules. It is noteworthy that the maximal intracellular ectoine concentration which was recorded (12 mM) cannot counterbalance the osmotic pressure developed by the presence of 0.5 M NaCl in the external medium.
Identification of the major intracellular solutes. Since ectoine, though displaying osmoprotective properties, is not accumulated by R. meliloti, a natural-abundance 13C-NMR analysis was undertaken to identify the main intracellular solutes in bacterial cells grown in the presence or absence of 0.5 M NaCl and/or 1 mM ectoine. Except for a small peak corresponding to trehalose, the spectrum of ethanolic extracts of cells grown in the absence of NaCl (Fig. 4) those obtained with cells grown in the absence of ectoine. Indeed, the dipeptide reached the same maximal intracellular level (400 nmol mg of protein-') in the middle of the exponential phase and then remained quite constant during the growth.
To take into consideration the actual intracellular concentration, the total cell volume was determined at the early, mid-, and late exponential phases of growth. For cells grown on no-salt medium with or without ectoine, the total cell volume was 5 ± 0.4 ,u mg of protein-l (mean ± standard deviation); at 0.5 M NaCl without ectoine, no significant change was observed during growth (2.5 ± 0.2 RI mg of protein-'), whereas in the presence of ectoine the cell volume increased steadily from 2.5 ± 0.2 to 3.8 ± 0.3 ,ul mg of protein-' at the beginning and at the end of growth, respectively. Consequently, the calculated concentration of intracellular glutamate was quite constant at about 250 mM. It should be mentioned that this value is somewhat underestimated since the cytoplasmic volume could represent only 80% of the total cell volume (39) .
To confirm these observations, cells were grown in the presence of ["4C]aspartate in 0.5 M NaCl-LAS medium with or without ectoine. [1"C]NAGGN represented 50% of the radioactivity in the earliest stages of growth, and its level decreased slightly with time. In contrast, the percentage of [14C]trehalose increased during the growth, more slowly in the presence than in the absence of ectoine, while [14C]glutamate never accounted for more than 20% of the radioactivity. These data indicate that aspartate is the main source of carbons for NAGGN and trehalose, whereas aspartate carbons contribute poorly to glutamate synthesis.
Effect of ectoine on other rhizobium strains. The effect of ectoine on R. meliloti 102F34 revealed in this study is different from that observed with other osmoprotectants. To determine whether this phenomenon is general or strain specific, we examined the osmoprotective activity of ectoine on several other rhizobial strains. Seven strains of Rhizobium and one strain of Bradyrhizobium were therefore investigated for their potential salt tolerance in the absence or presence of 1 mM ectoine ( Table 2 ). All these strains were salt sensitive and showed a two-to fivefold increase of the generation time in the presence of high salt concentrations. Addition of ectoine improved the growth in high-salt medium and reduced by twoto threefold the doubling time of all the strains except for one Rhizobium sp. (from H. coronarium). Further experiments showed that this strain was unable to take up [14C]ectoine. The incorporation of 1 mM ectoine into culture media deprived of NaCl did not significantly modify the growth rate. Moreover, as for R meliloti, supplying the different rhizobial cells with
[14C]ectoine resulted in uptake without a significant intracellular accumulation of this solute.
Controlling for the nodulating capacity of these different strains by using M. sativa, P. sativum, T repens, and G. max as host plants showed that R meliloti induced nodule formation only on Medicago roots, whereas the other rhizobia nodulated only their corresponding symbiotic plant partners.
DISCUSSION
In this report, we provide evidence that R meliloti 102F34 is protected by ectoine against hyperosmotic stress, as previously shown with glycine betaine (3). However, unlike glycine betaine, ectoine was also capable of protecting rhizobia insensitive to most of the osmoprotectants assayed so far. Only exogenously supplied trehalose has been found to more or less protect a few strains of Rhizobium fredii (at 0.34 M NaCl) and B. japonicum (at only 0.08 M NaCl) (11) . The effect of glycine betaine does not seem general, since a slight improvement in the growth of B. japonicum RCR 3407 in the presence of 0.08 M NaCl has already been reported (10) whereas no beneficial effect was found for other Bradyrhizobium strains (reference 3 and this study).
It is noteworthy that among the solutes which alleviate osmotic growth inhibition, ectoine seems to play a peculiar role. While there is a generally good correlation between intracellular accumulation of the supplied osmoprotectant and growth restoration under adverse conditions (7), our data indicate that this does not hold true for ectoine in the case of R meliloti. It has been reported that this molecule is accumulated in Ectothiorhodospira halochloris (13) and in a variety of halotolerant bacteria (20, 35) during growth under high salinity. Recently, we identified ectoine in Brevibacterium linens and showed that this molecule was by far the most prominent solute synthesized and accumulated by this coryneform grampositive eubacterium as a function of medium osmolality (2) . Furthermore, we have demonstrated that exogenously supplied ectoine was effective in relieving osmotic stress in E. coli (20) .
In R meliloti, the ectoine transport system appears specific, inducible, and periplasmic protein dependent and, similar to glycine betaine, ectoine can also be catabolized. The use of strain GMI 766, which has the genes essential for the catabolism of other known osmoprotectants such as trigonelline, stachydrine, and carnitine deleted (15) , led to the demonstration that ectoine catabolism may follow a different pathway. (37) and Pseudomonas aeruginosa (9) . In the latter species, glutamate remains the most abundant intracellular osmolyte and exogenously supplied glycine betaine does not totally obliterate (even at 0.7 M NaCl) the accumulation of endogenous osmolytes as it does in E. coli stressed cells (21) .
Due to its high relative abundance and to the fluctuations of its intracellular amounts in response to osmotic constraints, glutamate seems to play a pivotal function in cell osmoregulation. Its paramount importance in the primary response to hyperosmotic conditions is universally accepted (for reviews, see references 4 and 7), and its role in gene transcription, together with K+ ions, has been shown in vitro (33) . In R. meliloti 102F34 cultivated in the presence of 0.4 M NaCl, the intracellular glutamate content increased more than eightfold compared with that of the control without added salt. The increase in glutamate level was accompanied by a concomitant increase in potassium content, with neither glutamate dehydrogenase nor glutamate synthase (the enzyme working with glutamine synthetase in the alternative ammonia assimilating pathway) being responsible for the enhancement of glutamate synthesis (6) . Only the specific inhibition of aminotransferases succeeded in blocking the synthesis and accumulation of glutamate in stressed R meliloti cells. Therefore, it should prove interesting to investigate further the role of these enzymes in osmoregulation phenomena in R. meliloti.
Since ectoine exhibits osmoprotection in R. meliloti without being accumulated by the cells, it is tempting to speculate that its mechanism of action is situated at the gene expression level.
In this hypothesis, ectoine would trigger, after a lag period, the expression of a set of osm genes (i.e., those encoding the enzymes involved in endogenous osmolyte biosyntheses). This hypothesis is consistent with the fact that several genes have their transcription turned on by signals from the cell environment. Specifically, nod genes in R meliloti have been shown to respond positively, in addition to a variety of phenolic compounds, to trigonelline and to stachydrine, two betaines occurring in the alfalfa host plant and released in their rhizosphere (31, 34) . Further investigations are needed to elucidate the ectoine osmoprotection mechanism.
